SUMMARY In a comparative kinetic study of the serum concentrations of two penicillin complexes-medium-long-acting (benethamine penicillin) and long-acting (benzathine bipenicillin)-after a single injection in young adults and elderly people, the following results were confirmed statistically: (a) age was a major factor in the variations in serum penicillin concentrations and in their persistence in the serum; (b) the penicillin was absorbed faster in young than in elderly subjects even when a long-acting complex was used; (c) serum concentrations below the level regarded as lethal for treponemes appeared much earlier and more frequently in young than in old people; and (d) the bioequivalence between penicillin preparations could not be estimated solely from the number of units of the agent used but from the bioavailability of the chosen formulation.
Introduction
Penicillin has long been the drug of choice for the treatment of syphilis,' 2 and many penicillin preparations have been made available.3 However, in the absence of properly compiled statistics4 over an adequate period to assess the results of therapy, many specialists have tended to base the dosage solely on the number of international units (lU).2 chosen for this study; in fact, age modifies many physiological functions but its influence on the kinetics of drugs is as yet almost unknown. '8 Investigations have been performed on penicillins with a short action. 1923 No comparative study however has been carried out on delayed-acting penicillins to demonstrate (a) the degree to which a drug becomes available to the systemic circulation and the rate at which this occurs (bioavailability) in relation to age (that is, how the clinical effectiveness of a drug can be correlated with the measurements of its serum concentration after administration and the time-dose relationship) 24-26; and (b) (a) a complex with medium-long action, benethamine penicillin, composed of benethamine penicillin 600 000 IU and penicillin G sodium 400 000 IU; and (b) a complex with prolonged action, benzathine bipenicillin, composed of benzathine benzylpenicillin 600 000 IU, penicillin G procaine 300 000 IU, and penicillin G sodium 300 000 IU. Each of these products was injected by the deep intramuscular route in a single dose (that is, 3 million IU of the benethamine penicillin complex and 2 4 million IU of the benzathine bipenicillin complex diluted in 6 ml of solvent).
SAMPLING
As the long-term action of these complexes was the essential factor to be investigated, sampling began only after 48 hours.30 All the blood samples were morning fasting specimens taken at the following intervals: (a) for the benethamine penicillin complex, after 2, 3, 4, 5, and 6 days (group la), and after 2, 3, 4, 5, 6, 13, and 20 days (group 2a); and (b) for the benzathine bipenicillin complex, after 2, 4, 6, 9, 11, and 13 days (group Ib), and after 2, 4, 6, 9, 11, 13, and 20 days (group 2b). Serum was decanted from the blood collected and the analyses performed during the following hour. 
Benethirie penicillin group 2a *-_ Benzathine bipenicillin group 2b *_-Area below the curve * 12 85 * 17 28 38 Thus for penicillin to be effective in the treatment of syphilis, it was shown that the duration of the penicillinaemia should be maintained over an Group la (young subjects) After a single injection of benethamine penicillin 3 million IU in 20 young subjects (group la), the mean serum concentration was 0-247 units/ml 48 hours after injection, which is much higher than the minimum concentration regarded as treponemicidal (table II) . However, 100/o of these subjects had serum penicillin concentrations below this borderline (<0-03 units/ml)-that is, sublethal concentrations ( fig 2) . The mean concentration decreased quite rapidly in the following few days and was 0-035 units/ml on the sixth day. At that stage 407o of the group had serum penicillin concentrations of <0-03 units/ml (fig 2) . Group 2a (elderly subjects) After the same dose of benethamine penicillin in 36 elderly subjects (group 2a) the mean serum concentration after 48 hours was 0 488 units/ml, which was much higher than the figure for group la; none of these subjects had a sublethal concentration. These concentrations also decreased but more slowly than in the young subjects; at 20 days after the injection the mean concentration was 0-042 units/ml. Nevertheless, by this time 43Vo of this older group had serum penicillin concentrations below the treponemicidal concentration (fig 2) . Group 2b (elderly subjects) After the same dose of benzathine bipenicillin in 25 elderly subjects (group 2b), the mean serum concentration was 0-635 units/ml after 48 hours-that is, twice the figure observed in the younger group (group lb); none of these subjects had a concentration below the minimum concentration regarded as treponemicidal. On the other hand, the concentration then decreased much more rapidly until the twentieth day when the mean serum concentration was 0 064 units/ml and 20% of the subjects had a concentration <0 03 units/ml (table II and fig 2) .
Statistical analysis

The statistical analyses of the mean weighted values are shown in table III and fig 1. These values indicated that the serum penicillin concentrations were significantly higher (P<0-02) in the elderly subjects (group 2b) but, unlike with benethamine penicillin, the values tended to converge rapidly. Thus, 48 hours after the injection the elderly subjects again had concentrations twice as high as the young subjects, but the serum penicillin curve fell much more quickly after that in the former group, although it consistently remained above the curve in young subjects on the thirteenth day but in only 20% of elderly subjects, at least under the conditions of our experiment.
COMPARISONS BETWEEN PENICILLIN COMPLEXES
Groups la and lb (young subjects) Although the dose of benethamine penicillin injected was 600 000 IU greater than the dose of benzathine bipenicillin (2-4 million IU), the mean concentrations found after 48 hours were lower for the former preparation than for the long-acting penicillin (table  II, fig 3) . The two curves then fell in parallel to reach the minimum treponemicidal limit after about five days with benethamine penicillin and after 13 days with benzathine bipenicillin. At these two points in time the percentages of sublethal concentrations were 330o for benzathine bipenicillin and 40070 for beneth.amine penicillin (fig 2) . The mean serum weighted concentrations and the calculated value of Z (the number of standard normal variates) are given in table III and fig 1. These show that the mean serum concentrations for the benzathine bipenicillin complex were significantly higher between the 48th and 144th hours than those observed after injection of a single dose of 3 million units of the benethamine penicillin complex.
Groups 2a and 2b (elderly subjects) Forty-eight hours after the injection of benzathine bipenicillin, the long-acting penicillin complex, the mean concentrations were much higher in the elderly subjects (group 2b) than those observed after the injection of benethamine penicillin (table II) . However, while the curve of mean concentrations for the latter preparation fell slowly, indicating a longer duration, the curve for benzathine bipenicillin fell group.bmj.com on June 20, 2017 -Published by http://sti.bmj.com/ Downloaded from much more rapidly and crossed the other curve after about three days, so that the serum concentrations were lower than those obtained with the mediumlong-acting penicillin (benethamine) (fig 3) .
As before, the mean serum concentration and the calculated value of Z are presented in table III and fig 1. Analysis of these results showed that after a single injection of 2 4 million IU of benzathine bipenicillin or 3 million IU of benethamine penicillin, the penicillin concentrations were very similar after 48 hours (no statistically significant difference) but subsequently became significantly higher for benethamine penicillin.
Discussion
Many factors are known to affect the action of drugs in the body; the processes of absorption, distribution, localisation in tissues, biotransformations, and excretion43-45 consequently make a difference in their bioavailability. Some of these factors depend on physicochemical properties of the formulations; others are individual factors, such as weight, size, body surface, genetic factors, race, sex, and age. 18 25 28 46 We therefore considered that it would be interesting in this study to take into account only the age factor, which covers all these variations. Age modifies the kinetics of antibiotics. In children, as in elderly subjects, the serum concentrations of these products are higher than those observed in adults. [47] [48] [49] [50] Investigations on penicillin carried out with shortacting penicillins (those eliminated within a few hours) prescribed in a single dose, whatever the route of administration, corroborated our results.
Molholm-Hansen et al19 demonstrated that after the injection of 600 mg (1 million IU) by the intravenous route the half-life of penicillin G in old people was twice the figure observed in young adults. Simon et a!20 confirmed these results in a study of 1 million units of propicillin given orally to young and old people. The same difference was observed by Leikola and Vartia2' with penicillin G and procaine penicillin, by Clini et a!22 with ampicillin, and by Bouchon23 after an intramuscular injection. Thus, penicillins with short elimination (<24 hours), as well as longacting penicillins, are found at higher concentrations in the serum of elderly subjects than in that of young people.
It is an important factor that with increasing age all the functional capacities (respiratory, cardiac, and renal) are progressively being reduced. There is a more or less linear decrease of organic functions in old people.48 Tissues are modified both in quality and quantity; the adipose tissue is increased and the body water (total, extracellular and intracellular) is reduced. As metabolically active tissues are progressively diminishing, the physical and biochemical compositions of quantitatively important tissues (such as the connective tissue) are modified5'; the apparent volume of distribution is changed. The fixation on proteins52-54 and on red blood cells55 is modified. The metabolism and the elimination of drugs are different." 51 On the other hand, in this study, when serum concentrations produced by 2 (table II) for both complexes; (e) the kinetics of elimination of both complexes were comparable in young subjects while in elderly subjects the benethamine penicillin complex followed a slower kinetic of elimination giving higher penicillin concentrations in serum for a longer period than the benzathine penicillin complex; and (f) treatment regimens based solely on the number of international units of penicillin were precarious if the properties of the chosen salts of penicillin were not taken into account.
According to work carried out on Gram-positive organisms and reported by Tinelli,56 penicillin acts on growing organisms on the cell wall; the transpeptidase, involving the formation of interpeptidic bridges which fasten the reticulated structure of the cell wall, is inhibited. The growing bacteria then begin to swell and form protoplasts, which lyse as a result of osmotic pressure. Although T pallidum is not cultivatable in vitro the mechanism of the action of penicillin is considered to be the same ( 41 42 ; and (c) therefore such a serum concentration maintained for [7] [8] [9] [10] days is considered adequate to kill all the T pallidum which have invaded an organism. 2 The results of our study have shown that for young subjects, with the standard dosages generally used in the treatment of syphilis when one or other of these complexes is used, it would be preferable to use benzathine bipenicillin, assuming the minimum active penicillin concentration to be 0 03 units/ml. But if we refer to the work of Eagle et al58 the mean active concentration of penicillin in rabbits would be between 0-0083 units/ml and 0 0167 units/ml, but the effective concentration would be much higherthat is, 0-6 units/ml, an amount which is rarely attained with the two standard posologies used.
If it is admitted that a serum concentration of 0 03 units of penicillin per ml should be maintained for 7-10 days, it appeared that the benzathine bipenicillin complex did not give an adequate safety margin covering possible individual variations and the lack of direct relationship between serum concentrations and the therapeutic effect. 59-6' Since most of the Tpallidum are disseminated very quickly in the organism,62 it seems unlikely that they would divide all together at the same time37 57 and continuously at the same rhythm during the first days of the experimental infection,62 since the multiplication time (30-33 hours) has been estimated at the local area of inoculation during the incubation period and in optimum conditions.42
This study corroborates the principle that the therapeutic activity is conditioned by the ability to keep an adequate concentration of the active part of the drug at the focus of infection for an adequate period of time; however, it must be noted that these therapeutic dosages given in a single injection do not allow any safety margin,' 2 particularly as we do not have an absolute criterion which allows us to assert that all Tpallidum have really been destroyed.37
It therefore appears from our results that it is not possible to achieve 100% bacteriological sterilisation in young subjects; dosages of this kind might be sufficient to heal a chancre but not to cure the host, which has been invaded by treponemes for a certain time, as we have proved63 64 and as has been confirmed by others.65 6 Consequently, in the treatment of syphilis, a standard dose consisting of a single injection of a penicillin product (medium-long-acting or longacting) should lead to a substantial number of therapeutic failures which seem to be due to the low dosages injected, which allow no safety margin.
In this respect, the selection of a treatment schedule should depend on the practical circumstances of the patient, as well as on the medical considerations, provided the dose/time principle is known and followed. 2 We wish to thank Professor M Bolgert and Dr Garrel for their invaluable help, and S Burtchaell for his kind co-operation. Dr 
